Abstract Heavy alcohol exposure produces profound damage to the developing central nervous system (CNS) as well as the adult brain. Children with fetal alcohol spectrum disorders (FASD) have a variety of cognitive, behavioral, and neurological impairments. FASD currently represents the leading cause of mental retardation. Excessive alcohol consumption is associated with WernickeKorsakoff syndrome (WKS) and neurodegeneration in the adult brain. Although the cellular/molecular mechanism underlying ethanol's neurotoxicity has not been fully understood, it is generally believed that oxidative stress plays an important role. Identification of neuroprotective agents that can ameliorate ethanol neurotoxicity is an important step for developing preventive/therapeutic strategies. Targeting ethanol-induced oxidative stress using natural antioxidants is an attractive approach. Anthocyanins, a large subgroup of flavonoids present in many vegetables and fruits, are safe and potent antioxidants. They exhibit diverse potential health benefits including cardioprotection, anti-atherosclerotic activity, anti-cancer, antidiabetic, and anti-inflammation properties. Anthocyanins can cross the blood-brain barrier and distribute in the CNS. Recent studies indicate that anthocyanins represent novel neuroprotective agents and may be beneficial in ameliorating ethanol neurotoxicity. In this review, we discuss the evidence and potential of anthocyanins in alleviating ethanol-induced damage to the CNS. Furthermore, we discuss possible underlying mechanisms as well as future research approaches necessary to establish the therapeutic role of anthocyanins.
Introduction
Excessive alcohol consumption causes profound damage to human organ systems including the liver, brain, heart, pancreas, lungs, endocrine, and immune systems, as well as bone and skeletal muscles. The central nervous system (CNS) is particularly sensitive to alcohol exposure. Alcohol is a neuroteratogen and alcohol consumption during pregnancy may cause Fetal Alcohol Spectrum Disorders (FASD), among which, fetal alcohol syndrome (FAS) is the most severe form, characterized by growth deficiency, mental retardation, CNS malformation, and craniofacial deficits (Caprara et al. 2007; Riley and McGee 2005) . The detrimental effects of ethanol on the developing CNS include reduction of neurogenesis, inhibition of differentiation, disturbance of neuron migration, alteration of cellcell interaction, and induction of apoptosis (Goodlett and Horn 2001; Guerri 1998; Luo and Miller 1998; Olney et al. 2000; West 1994 ). These alcohol-induced structural alterations in the developing brain underlie many of the behavioral deficits observed in FASD. Chronic binge alcohol exposure may induce neurodegeneration in the adult brain and is associated with neuro-cognitive deficits and Wernicke-Korsakoff Syndrome (WKS) (Harper 2009; Obernier et al. 2002; Pfefferbaum et al. 2007) . A variety of mechanisms have been proposed for ethanol neurotoxicity; it is generally accepted that oxidative stress is a major one (Bleich et al. 2000; Bondy 1992; Bondy and Guo 1994; Chen et al. 2008; Crews and Nixon 2009; Haorah et al. 2008; Nordmann 1987; Ramachandran et al. 2003; Sandhir and Kaur 2006; Sun and Sun 2001) . Ethanol readily crosses the blood-brain barrier (BBB) and is metabolized in the brain by enzymes, such as catalase, alcohol dehydrogenase, or ethanol-inducible cytochrome P450. This process produces reactive oxygen species (ROS) which includes superoxide free radicals, hydrogen peroxide, and hydroxyl radicals (Haorah et al. 2008; Zakhari 2006) . Disturbance of cellular normal redox state by excessive ROS leads to oxidative stress which causes cellular damage (Bondy 1992; Hampton and Orrenius 1998) . The CNS is particularly susceptible to oxidative stress due to its high oxygen consumption rate, elevated levels of polyunsaturated fatty acids, and relatively low content of antioxidative enzymes (Cohen-Kerem and Koren 2003) . A tremendous research effort has been made to identify potential neuroprotective agents that can ameliorate ethanol-induced CNS damage, as it is an important initial step for a developing therapeutic strategy. Targeting ethanol-induced ROS and oxidative stress is a logical approach. Natural antioxidants extracted from plants or fruits are attractive candidates for scavenging ROS and alleviating ethanol neurotoxicity due to their safety and tolerance by oral administration. Anthocyanins are potent antioxidants and present in various vegetables and fruits especially edible berries. They exhibit a wide range of antioxidant protection and therapeutic benefits including cardioprotective, anti-inflammatory, anti-diabetic, and anti-carcinogenic properties (Zafra-Stone et al. 2007) . In this review, we discuss the recent progress of the research in anthocyanins' neuroprotective effects; particularly we focus on the beneficial potentials of anthocyanins in ameliorating ethanol-induced CNS damage. First, we discuss the approaches of using antioxidants to treat ethanol-induced neuronal damage.
Approaches Using Antioxidants to Alleviate Ethanol Neurotoxicity
Since oxidative stress is a putative mechanism underlying ethanol neurotoxicity, using antioxidants to ameliorate oxidative stress and alleviate ethanol neurotoxicity is a logical approach. This approach has shown some successes in both in vivo and in vitro models. For example, in a mouse model of FAS, treatment of antioxidants blocks ethanol-induced reduction of glutathione levels and prevents ethanol-induced fetal growth restriction, microcephaly, and fetal death (Toso et al. 2007 ). In a binge-alcohol administrated model, treatment of antioxidants significantly reduces ethanol-induced neurodegeneration in the dentate gyrus and entorhinal cortex of rats Vaudry et al. 2005 ). In a model of chronic ethanol exposure, administration of melatonin, an antioxidant, reverses both the ethanol-induced increase in lipid peroxidation, and the decline in glutathione levels in the hippocampus, cerebral cortex, and cerebellum of young and aged rats (Baydas and Tuzcu 2005) . Marino et al. (2004) showed that ethanol induces oxidative stress and neuronal loss in the hippocampus of rat pups; the alterations are accompanied by impaired spatial navigation. Vitamin E, a commonly used antioxidant, alleviates ethanol-induced oxidative stress and neuronal loss, but fails to improve spatial learning deficit. These results suggest that while oxidative stress may contribute to ethanol neurotoxicity, antioxidant protection is not sufficient to prevent the behavioral impairments (Marino et al. 2004 ). Administration of the antioxidant ebselen (Eb) has been found to block chronic ethanol-induced inhibition of neurogenesis (Herrera et al. 2003) . In cell culture models, vitamin E ameliorates ethanol-induced neuronal apoptosis and reduction in neurotrophin secretion in cultured rat cerebellar granule cells (Heaton et al. 2004a, b) . Vitamin E and antioxidant b-carotene protect cultured hippocampal neurons against ethanol-induced cell death (Mitchell et al. 1999) . Similarly, antioxidant a-lipoic acid is demonstrated to prevent ethanol-induced intracellular protein oxidation, glutathione depletion, and cell death in mouse hippocampal HT722 cells (Pirlich et al. 2002) .
However, some studies suggest that oxidative stress may not be the principal mechanism of ethanol neurotoxicity, and antioxidants are not effective in blunting ethanol-induced damage to the CNS. For example, Kane et al. (2008) showed that ethanol does not induce rat cerebellar granule neurons to produce ROS and cause deterioration of the mitochondrial membrane potential. Antioxidants (N-acetylcysteine, U83836E, and melatonin) fail to protect ethanol-induced Purkinje cell loss in the developing rat cerebellum due to alcohol administration (Edwards et al. 2002; Grisel and Chen 2005; Pierce et al. 2006) . Tran et al. (2005) showed that vitamin E does not protect against ethanol-induced cerebellar damage or deficits in eyeblink classical conditioning in rats. Crews et al. investigated the neuroprotective effect of antioxidants using a binge-ethanol exposure model. Among four antioxidants (butylated hydroxytoluene, ebselen, vitamin E, and blueberry extract) tested, only butylated hydroxytoluene reverses binge-ethanol induced brain damage and inhibition of neurogenesis (Crews et al. 2006) . Lack of effectiveness of some antioxidants remains a conundrum. The bioavailability of antioxidants may underlie the discrepancies between studies and lack of effectiveness of some antioxidants.
Neuroprotective Potential of Anthocyanins
Anthocyanins are a group of over 500 water-soluble natural pigments responsible for the red, blue, and purple colors of many flowers, vegetables, and fruits (Ghosh and Konishi 2007; McGhie and Walton 2007; Milbury et al. 2002) . Anthocyanins belong to a larger group of compounds collectively known as flavonoids, which are a subgroup of an even larger group of compounds known as polyphenols . Polyphenols are generally divided into tannins, lignins, and flavonoids (Cantos et al. 2002; Nichenametla et al. 2006; Scalbert and Williamson 2000) . Flavonoids are the most abundant polyphenolic compounds in foods and can be classified into flavanols, flavones, flavonols, flavanones, isoflavones, and anthocyanins (Matkowski et al. 2008; Wang and Ho 2009) . Flavonoids have diverse health beneficial effects including neuroprotection against a variety of insults to the brain (Dajas et al. 2003a, b; Ha et al. 2003; Huang et al. 2001; Rivero-Perez et al. 2008; Tapiero et al. 2002) . Flavonoids have also been implicated in remedying the aging process of the brain 
Bioavailability of Anthocyanins
Anthocyanins, exemplified by cyanidin-3-glucoside (C3G, Fig. 1 ), exist as glycosides and acylglycosides of anthocyanidins and are varied with different hydroxyl or methoxyl substitutions in their basic structure, flavylium. Based on the number and position of hydroxyl groups on the flavan nucleus, most natural anthocyanins can be classified as the glycosides of cyanidin, delphinidin, malvidin, pelargonidin, peonidin, and petunidin (Wang and Stoner 2008) . Cyanidin is the most abundant anthocyanin in the edible part of plants (Ghosh and Konishi 2007) . Anthocyanins are reactive compounds and only stable in low pH. In the presence of oxygen or light, or increase in temperature or pH, anthocyanins are degraded (Walton et al. 2006a) . Glycosylation increases the structural stability and water solubility of anthocyanins (Zafra-Stone et al. 2007 ). Anthocyanins present mainly in food as mono-glycosides of the six main aglycones, but in some foods contain acylated anthocyanins (da Costa et al. 2000) .
Most animal and human studies have found that anthocyanins are absorbed mainly in their intact glycosidic form, and rapidly reach the circulatory system within 0.25-2 h (McGhie and Walton 2007; Miyazawa et al. 1999) . After oral administration, anthocyanins can be directly absorbed from the gastrointestinal tract (mainly in the stomach and small intestine) (Felgines et al. 2006; Talavera et al. 2005) . A recent study shows that the absorption of black raspberry anthocyanins in small intestine tissues of rats reaches 7.5% of the administered dose, much higher than reported bioavailability of these pigments (He et al. 2009 ). The low pH in the stomach helps to stabilize anthocyanins from degradation (Felgines et al. 2006) . After absorbed in the stomach and jejunum, anthocyanins and their glycosides enter the circulatory system, and a portion of absorbed anthocyanins are metabolized (Talavera et al. 2004 (Talavera et al. , 2005 . Anthocyanins and their metabolites are promptly distributed to the organs such as the liver, lungs, heart, kidney, and brain (Marczylo et al. 2009; Talavera et al. 2005) . In contrast to the stomach and jejunum, anthocyanins in the large intestines are mostly degraded and modified due to the neutral pH and the existence of gut microflora (McGhie and Walton 2007) . The metabolism of anthocyanins is complex, as it occurs in the distinct physiochemical environments of different organs and tissues.
The bioavailability of anthocyanins is consistently low, although it varies among studies and the sources of anthocyanins (McGhie and Walton 2007) . Measurement of urinary excretion has often been used to assess bioavailability. Generally less than 1% of orally administered anthocyanins are recovered in the urine. Frank et al. (2003 Frank et al. ( , 2005 Frank et al. ( , 2007 investigated the pharmacokinetic parameters and the bioavailability of several dietary anthocyanins following consumption of red wine, red grape juice, or elderberry in healthy human subjects. The urinary recovery of original anthocyanins and their related metabolites range from 0.39 to 0.06%. In a phase I clinical trial, Stoner et al. determined the safety and tolerability of 45 g/day of freeze-dried black raspberries (BRB) administered orally for 1 week. Their results indicate that 45 g of freeze-dried BRB daily in healthy subjects are well tolerated and result in quantifiable specific anthocyanins (C3G, cyanidin-3-sambubioside, cyanidin-3-rutinoside, and cyanidin-3-xylosylrutinoside) and ellagic acid in the plasma and urine (Stoner et al. 2005) . It has been reported that a significant increase in plasma anthocyanin levels and antioxidant capacity is observed following consumption of cranberry juice, blood orange juice, acai juice, and pulp in healthy human subjects (Mertens-Talcott et al. 2008; Pedersen et al. 2000; Riso et al. 2005 ). Cyanidin-3-glucoside (C3G) is a major antioxidant anthocyanin component in many edible berries and pigmented fruits. C3G is well-studied due to its anti-carcinogenic potential. A recent study investigates the pharmacokinetics and the metabolism of C3G in mice (Marczylo et al. 2009 ). In that study, C57BL6J mice received C3G by either gavage at 500 mg/kg or tail vein injection (iv) at 1 mg/kg. Peak concentrations of anthocyanins occur within 30 min after administration. The predominant flavonoid species after oral administration was C3G, whilst after iv dosing the majority of anthocyanins was C3G metabolites. Anthocyanin peak levels after oral administration of C3G reach 25 lM in plasma. After oral or iv administration, C3G half-lives in the different biofluids and tissues range from 0.7 to 1.8 h and 0.3 to 0.7 h, respectively. The finding indicates that C3G levels can be achieved at an order of magnitude consistent with pharmacological activity (Marczylo et al. 2009 ). It is believed that protocatechuic acid (PCA) is the major metabolic product of C3G (Seeram et al. 2001; Tsuda et al. 1996 Tsuda et al. , 1999 . The peak C3G concentration was detected in plasma within 30 min after it is orally administered to rats; the peak concentration of PCA is reached within 60 min, and is eight times higher than the peak concentration of intact C3G (Tsuda et al. 1999) . A study verified that PCA is the major human metabolite of C3G (Vitaglione et al. 2007 ). However, Marczylo et al. (2009) showed that the major metabolites of C3G are products of methylation and glucuronidation in mice.
It appears that anthocyanins are able to cross the BBB and reach the brain. Passamonti et al. (2005) showed that the intact anthocyanins are detected not only in the plasma, but also in the brain minutes after its introduction into the rat stomach. This finding is supported by two other independent studies. In one study in which rats are fed either a blueberry supplementation or a control diet for 8-10 weeks, several anthocyanins (cyanidin-3-O-beta-galactoside, cyanidin-3-O-beta-glucoside, cyanidin-3-O-betaarabinose, malvidin-3-O-beta-galactoside, malvidin-3-Obeta-glucoside, malvidin-3-O-beta-arabinose, peonidin-3-O-beta-arabinose, and delphinidin-3-O-beta-galactoside) are found in the cerebellum, cortex, hippocampus, or striatum of rats, but not in the controls (Andres-Lacueva et al. 2005) . Another study shows that the concentration of anthocyanins in the brain is higher than that in the plasma after rats are fed with a blackberry anthocyanins diet for 15 days (Talavera et al. 2005) . The results obtained from animal experiments are verified by in vitro studies showing that anthocyanins are able to cross the BBB in a cell culture model (Youdim et al. 2003 (Youdim et al. , 2004 . Furthermore, at the cellular level, the evidence of intracellular distribution of anthocyanins indicates they are able to cross the cell membrane and be taken up by the cells (Youdim et al. 2000) . The mechanisms for the absorption of anthocyanins and their crossing the cell membrane, however, are unclear. Walton et al. (2006b) suggested that an active transportation mechanism is involved in anthocyanins' absorption. It is important to note that ethanol does not affect the absorption of anthocyanins in rat intestine (Andlauer et al. 2003) , supporting the applicability of anthocyanins for treating ethanol-induced disorders.
Anthocyanin's Protection Against Ethanol Toxicity
Flavonoid-mediated neuroprotection against ethanol toxicity has been documented in animal and cell culture models. For example, supplementation of flavonoids in the diet significantly decreased ethanol-induced damage to the brain and liver (La et al. 1999) . Flavonoids are shown to prevent ethanol-induced apoptosis in cultured fetal rhombencephalic neurons (Antonio and Druse 2008) . Oral administration of grape seed flavonoids protect cells from ethanol-induced DNA damage in the mouse cerebellum and hippocampus (Guo et al. 2007 ). Flavonoids extracted from pine bark protected cultured cerebellum granule cells isolated from 9-day-old rat pups from ethanol-induced neuron death; the protection was accompanied by reduced ROS production and upregulation of expression/activity of copper/zinc superoxide dismutase (Cu/Zn SOD) as well as the glutathione peroxidase/reductase system (Siler- Marsiglio et al. 2004 ). Alcohol causes oxidative stress and lipid peroxidation, resulting in lipofuscin formation in the cerebellum and hippocampus of rats. Oral supplementation with flavonoids isolated from grape seeds reduces ethanolinduced oxidative stress and prevents ethanol-induced neuronal lipid peroxidation and lipofuscin formation (Assuncao et al. 2007a; De et al. 2004 ). Ethanol treatment during gestation has the greatest impact on spatial working memory; the addition of flavonoids to the ethanol liquid diet ameliorates ethanol-induced learning deficits (Neese et al. 2004) . Chronic ethanol administration to young mice produces an increase in lipid peroxidation, and a decline in forebrain total glutathione (GSH), SOD, and catalase levels, which are significantly reversed by the co-administration of flavonoids (Singh et al. 2003) . Flavonoid compounds suppress voluntary alcohol consumption in alcohol-preferring rats (Lin and Li 1998) . Grape flavonoids reverse the decrease in synaptic protein function in rat brain caused by chronic ethanol consumption (Sun et al. 1999) .
Compared to other flavonoids, anthocyanins are more powerful hydrogen-donating antioxidants due to their capability of electron delocalization and resonating structures formation (Ghosh and Konishi 2007; Zafra-Stone et al. 2007 ). Anthocyanins show a broad spectrum of beneficial health properties including cardioprotective, vision improving, anti-obesity, anti-inflammatory, and antidiabetic activities (Ghosh and Konishi 2007; Karlsen et al. 2007; Mink et al. 2007; Sasaki et al. 2007; Toufektsian et al. 2008; Tsuda 2008) . Anthocyanins also display neuroprotective and brain benefiting properties. For example, it has been reported that berry anthocyanins are beneficial in reducing age-associated oxidative stress (Zafra-Stone et al. 2007 ) and improving cognitive brain function (Bagchi et al. 2004; Barros et al. 2006; Hou 2003) . Anthocyanins improve learning and memory of rats with estrogen deficits (Varadinova et al. 2009 ). Anthocyanins reduce the brain infarct volume and apoptotic cell numbers in a rat cerebral ischemia model (Shin et al. 2006) . Anthocyanins provide significant protection against oxidative stress-induced lipid peroxidation and DNA fragmentation in mice brain (Bagchi et al. 1998; Dani et al. 2007) .
A number of studies show that anthocyanins are beneficial for treating ethanol toxicity. It is reported that chronic exposure to red wine flavonoids (6 months) antagonizes ethanol-induced lipid peroxidation, and prevents ethanol-mediated reduction of glutathione and antioxidant enzymes in adult rat hippocampus (Assuncao et al. 2007b) . Furthermore, red wine flavonoids improve ethanol-induced decline in hippocampal-dependent spatial memory (Assuncao et al. 2007b) . Using similar regimen, they further demonstrate that red wine flavonoids protect rat cerebellum from ethanol's toxicity by modulation of cerebellum oxidative status (Assuncao et al. 2008) . Since anthocyanins are the main phenolic compounds of red wine and the most important components responsible for the antioxidant capacity of red wine (Rivero-Perez et al. 2008) , anthocyanins likely account for most of the neuroprotective effects observed in these studies.
Among anthocyanins, cyanidin glucosides tend to have a higher antioxidant capacity than peonidin or malvidin glucosides (Prior 2003) . C3G receives much attention and is well-studied because of its therapeutic potential as an anti-cancer agent. C3G exhibits chemopreventive and chemotherapeutic properties in various models of carcinogenesis and tumor development (Chen et al. , 2006 Ding et al. 2006; Fukamachi et al. 2008; Shih et al. 2005; Zhang et al. 2005 Zhang et al. , 2008 . Other beneficial health properties of C3G include anti-diabetics (Guo et al. 2008; Sasaki et al. 2007 ), anti-inflammation Xia et al. 2006 ), anti-atherogenic activity (Xia et al. 2006) , and antiobesity (Tsuda et al. 2003) . C3G offers neuroprotection against cerebral ischemia in a mouse model (Kang et al. 2006) . In cultured neuronal cells, C3G and its metabolites protect cells against ROS-induced mitochondria damage and DNA fragmentation; C3G also ameliorates amyloidbeta peptide-induced toxicity (Tarozzi et al. 2007 (Tarozzi et al. , 2008 .
Li et al. reported that oral administration of C3G (4-8 mg/kg of body weight) significantly increases the levels of glutathione and the activities of radical scavenging enzymes, such as superoxide dismutase, catalase, and glutathione peroxidase in rat gastric tissues. C3G also reduces the ethanol-induced increase of lipid peroxidation and free radicals as well as gastric lesions (Li et al. 2008) .
In an in vitro model, we demonstrate that ethanol inhibits neuronal differentiation of N2a neuroblastoma cells, which is evident by the repression of neurite outgrowth and the expression of neurofilament proteins ). C3G is able to induce neuronal differentiation in N2a cells. More importantly, C3G scavenges ethanol-elicited ROS production and reverses ethanol-induced inhibition of neurite outgrowth and the expression of neurofilament proteins (Fig. 2) . However, other antioxidants such as NAC or GSH-MEE do not antagonize ethanol's effect on neuronal differentiation, although they do reduce ethanolinduced ROS production.
Mechanisms of Anthocyanin-Mediated Protection
Anthocyanins are effective at reducing ethanol-induced ROS production Li et al. 2008) . The antioxidant property of anthocyanins plays an important role in their neuroprotection. In addition to being ROS scavengers, anthocyanins affect diverse cellular activities; these include modulating the activity of transcription factors, gene expression, intracellular cell signaling, and protein degradation (Ding et al. 2006; Dreiseitel et al. 2008; Fukamachi et al. 2008; Karlsen et al. 2007; Sasaki et al. 2007; Tsuda et al. 2004 Tsuda et al. , 2005 Tsuda et al. , 2006 Xu et al. 2004 ). The anthocyanin-induced alterations in cellular activity may mediate some of anthocyanins actions. For example, it is demonstrated that anthocyanins' protection against cerebral ischemia in rat brain may be mediated by their inhibition of c-jun N-terminal kinase (JNK) and p53 (Shin et al. 2006) .
We show that C3G inhibits the activity of glycogen synthase kinase 3b (GSK3b), a multifunctional serine/ threonine kinase ). GSK3b negatively regulates neurite outgrowth of N2a cells; inhibition of GSK3b activity induces neurite outgrowth, while overexpression of a constitutively active S9A GSK3b mutant prevented neurite outgrowth. We demonstrate that ethanol inhibits neurite outgrowth of N2a cells by activating GSK3b through the dephosphorylation of GSK3b at serine 9 (Ser9). C3G antagonizes ethanol's inhibition of neuronal differentiation through promoting pGSK3b (Ser 9) (Fig. 3 ). It appears that the effect of C3G on GSK3b is independent of its antioxidant activity ). The mechanisms underlying C3G regulation of GSK3b activity are unclear. Regardless how C3G regulates GSK3b, inhibition of C3G may have important implications; our recent study suggests that GSK3b is involved in ethanol-induced CNS damage (Liu et al. 2009 ). Fig. 2 Effect of ethanol on neurite outgrowth. N2a cells grown in a serum free (SF) medium were treated with retinoic acid (RA, 5 lM), cyanidin-3-glucoside (C3G, 5 lM) or both (5 lM of each) in the absence or presence of ethanol (400 mg/dl) for 48 h. a The percentage of cells baring neurites was calculated. b The average length of neurites was determined. *denotes significant difference from non-ethanoltreated controls. c Cell lysates were collected and the expression of light chain neurofilament (NF) was determined by immunoblotting. The experiment was replicated three times. From ) Fig. 3 Effect of ethanol on GSK3b phosphorylation. a N2a cells grown in a serum free (SF) medium were treated with C3G (5 lM) in the absence or presence of ethanol (400 mg/dl) for specified times. Cell lysates were collected and the expression of phosphorylated GSK3b [p-GSK3b(Ser9) and p-GSK3b(Tyr216)] and total GSK3b was examined with immunoblotting. The experiment was replicated three times. c The relative amounts of p-GSK3b(Ser9) were measured by densitometry and normalized to the expression of total GSK3b. Each data point (mean ± SEM) is the mean of three independent experiments. From 
Summary and Research Direction
Anthocyanins are a group of potent natural antioxidants. Anthocyanins are present in a large quantity in many edible berries and pigmented fruits, and are consumed as part of a normal diet. Oral administration of freeze-dried black raspberries (containing a high concentration of anthocyanins) is well tolerated in healthy adults and results in quantifiable anthocyanins and their metabolites in the plasma. Animal studies indicate that anthocyanin levels in plasma and tissues can be achieved at an order of magnitude consistent with their pharmacological activity after oral administration. Anthocyanins appear to be able to cross the BBB and distribute in the brain, and their neuroprotective effects have been documented in vitro and in vivo. Although studies on anthocyanin's protection against ethanol neurotoxicity are limited, available evidence indicates that anthocyanins and their metabolites are able to scavenge ethanol-induced ROS production and ameliorate ethanol-induced damage to the CNS. They alleviate the adverse effects of ethanol, such as lipid peroxidation, inhibition of neuronal differentiation, and spatial memory deficits. Anthocyanins represent a novel and safe group of natural antioxidants that may have a therapeutic potential in treating ethanol neurotoxicity. To further evaluate the therapeutic potential, several issues need to be carefully considered.
First, previous studies have shown that anthocyanins are able to cross the BBB and distribute in the cerebellum, cortex, hippocampus, or striatum, the brain areas that are susceptible to ethanol exposure, after oral administration in rats. Further study needs to quantify the concentration of anthocyanins in the brain and determine whether there is a correlation between their distribution, antioxidant property, and neuroprotection.
Second, a systematic study is needed to determine whether anthocyanins or their metabolites attribute to the beneficial effect since most anthocyanins have a short half life in vivo. For example, Tsuda et al. (1999) suggest the metabolites of C3G rather than C3G itself contribute to C3G's bioactivity. The aglycon cyanidin (CY) and protocatechuic acid (PCA) are primary metabolites of C3G. Tarozzi et al. (2007 Tarozzi et al. ( , 2008 demonstrate that CY and PCA offer better protection against H 2 O 2 -induced mitochondrial function loss and DNA fragmentation in SH-SY5Y neuroblastoma cells than C3G, while C3G is more effective than CY and PCA in blocking amyloid-beta induced cell death of SH-SY5Y cells. If a specific anthocyanin or its metabolite is identified as a more effective neuroprotective agent, it is necessary to modify its structure to enhance its stability.
Third, anthocyanins may act in synergy. Bagchi et al. (2004) show that a combination of six different berry extracts display more potent anti-angiogenic, antioxidant, and anti-carcinogenic properties than a single berry extract. We have shown that purified C3G is sufficient to alleviate ethanol-induced inhibition of neuronal differentiation. It is unknown whether C3G in combination with other anthocyanins offer better protection.
Fourth, the antioxidant property of anthocyanins clearly plays an important role in neuroprotection. However, reduction of ROS may not fully explain their neuroprotective property. In addition to its role as a ROS scavenger, anthocyanins, such as C3G, may regulate specific cellular activities. Our study indicates that C3G causes GSK3b inhibition which antagonizes ethanol's effect on neurite outgrowth. The modulation of GSK3b activity by C3G appears to be independent of its antioxidant property ). Palfi et al. (2009) suggests that the cardioprotective effect of red wine anthocyanins may be mediated by the activation of the Akt pathway and repression of the phosphorylation of PKCa/bII. A supplementation with a blueberry diet improves the performance of aged animals in spatial working memory tasks; the benefits may result from the effects of flavonoids on the ERK-CREB-BDNF pathway (Williams et al. 2008 ). Long-term dietary treatment with blueberry extract has been shown to reverse cognitive deficits and improve motor performance of senescent rat and to decrease ROS in striatum; however, the decrease in ROS does not appear to completely explain the effect of the blueberry extract (Lau et al. 2005) . Recently, neuroinflammation has been proposed as a neurotoxic mechanism in alcoholism (Crews and Nixon 2009; Sullivan and Zahr 2008) . Anthocyanins have an antiinflammatory property. Whether anthocyanins can suppress ethanol-induced neuroinflammation warrants further research. Elucidation of the mechanisms underlying anthocyanin's effect on these cellular events will be helpful for the development of therapeutic strategy.
